In this paper, we propose an exponential-related function (ER) and develop an intuitionistic fuzzy TOPSIS model based on the function (IF-TOPSISEF) to solve multi-attribute decision making (MADM) problems in which the performance ratings are expressed in intuitionistic fuzzy sets (IFSs). The main advantage of this new approach is that the exponential-related function is able to represent the aggregated effect of the positive and negative evaluations in the performance ratings of alternatives based on the intuitionistic fuzzy set (IFS) data. It also serves as a mean for the computations of the separation measures of each alternative from the intuitionistic fuzzy positive and negative ideal solutions to determine the relative closeness coefficients. To demonstrate the effectiveness of the proposed method, the proposed IF-TOPSISEF is applied for the evaluation of the concept designs of a part in an HDD machine (The drill pipe slider), and for some hypothetical examples.
Introduction
Decision making processes which are widely used in engineering, management, economic, and in so many other fields are concerned with problems of prioritizing, screening, ranking or selecting alternative(s) from a finite set of candidates with multiple conflicting attributes, by considering them simultaneously to select the best candidates (Braglia1 et al., 2003) . Since, decision-making information are often incomplete, inconsistent and indeterminate, the manner in which they are to be expressed has remained a major task among researchers, and has resulted in more and more interest in the topic over the past several years.
To handle these issues, Zadeh (1965) , introduced the concept of fuzzy set theory, has outlined how the fuzzy set (FS) concept could be used for expressing such decision-making problems. But the FS theory which is characterized by only one membership function ( ) cannot be used to express some kind of complex fuzzy information. 'For example, during voting, if there are ten persons voting for an issue, and three of them give the "agree'', four of them give the "disagree", and the others abstain. Obviously, FS cannot fully express the polling information' (Liu & Zhang, 2014) .
To solve these kinds of complex fuzzy-based information issues, in 1986, Atanassov extended the FS theory by adding a non-membership function ( ) to form the intuitionistic fuzzy set (IFS) theory (Atanassov, 1986) . The IFS consists of the membership function ( ) and non-membership function ( ), and according to Saurav et al. (2013) and Wan and Li, (2015) , the IFS are more flexible, practical and capable than the traditional FS theory for handling incomplete, inconsistent and indeterminate (vagueness and uncertainty) information in practice. The benefits of applying the IFS for decision-making was described in detail by Xu and Liao, (2015) , and Xu et al. (2013) and in its many practical applications (Bai, 2013; Chen & Chiou, 2015; Jahromi, 2012; Li, 2005; Lin et al., 2007; Liu & Ren, 2014; Xu, 2014) .
In order to make comparisons between two preference information that are expressed in IFS, some metric methods were introduced, that is the score functions and accuracy functions (Chen & Tan, 1994; Hong & Choi, 2000; Wu, 2015; Xu, 2007) which were applied for solving MADM problems. However, investigations of these functions show some vital shortcomings, according to Wu (2015) the results obtained using the score functions and accuracy functions are not always consistent, also they often produce negative priority vector in their applications. Although, the exponential score function later proposed by Wu, (2015) as a remedy, appears to address these shortcomings, the function is only effective for determining priority weight that involves pairwise comparison. Therefore, in this paper, we propose a new exponential related function (ER) and develop an intuitionistic fuzzy TOPSIS model based on the exponential-related function (IF-TOPSISEF) to solve MADM problems in which the performance ratings are expressed in intuitionistic fuzzy sets (IFSs). The main advantage of this new approach is that the exponential-related function is able to represent the aggregated effect of the positive and negative evaluations in the performance ratings of the alternatives based on the intuitionistic fuzzy set (IFS) data. It also serves as a mean for the computations of the separation measures of each alternative from the intuitionistic fuzzy positive and negative ideal solutions to determine the relative closeness coefficients.
The rest of this paper is organized as follows. In Section 2, the concepts of IFS and the exponentialrelated function is presented. The algorithm of the IF-TOPSISEF is introduced in section 3. In Section 4 a numerical case is presented to illustrate the proposed approach, while some concluding remarks are presented in section 5.
Preliminaries
In this section, the fundamental definitions and concepts of IFS theory as described by Despic and Simonovic (2000) is presented, also, the exponentially related function is introduced.
Intuitionistic Fuzzy Set (IFS)

Definition 1
Consider a fuzzy set A in = { } which is given by = {⟨ , ( )⟩ | ∈ }. The numbers ( ) ( ) denotes the degree of membership and degree of non-membership of element ∈ [0,1] to the set A respectively. Also, the number ( ) = 1 − ( ( ) + ( )) which is called the intuitionistic index of x in A is referred to as a measure of the degree of hesitancy of element ∈ [0,1] in set A. It should be noted that 0 ≤ ( ) ≤ 1 for each ∈ .
Definition 2
If the IFS A in = { } is defined fully in the form = {⟨ , ( ), 
The following makes comparisons between two IFS, by introducing some metric methods by following the score function and accuracy functions.
Definition 3 (Chen & Tan, 1994; Hong & Choi, 2000; Xu, 2007) Let = ( , ) be an intuitionistic fuzzy number, a score function S and an accuracy function H of an intuitionistic fuzzy value can be represented as follow.
Definition 4 (Wu, 2015) Let = ( , ) be the intuitionistic fuzzy number, according to Wu (2015) the exponential score function Se of the intuitionistic fuzzy number can be represented as;
The Exponential Related Function (ER)
Definition 5 Let = ( , ) be the intuitionistic fuzzy number. The new exponential-related function ER of the intuitionistic fuzzy number can be defined as;
Theorem 1: Let = ( , ) and = ( , ) be two intuitionistic fuzzy sets. if ⊆ then ( ) ≤ ( ).
Proof: Assume that = ( , ) and = ( , ) are two comparable alternatives with intuitionistic fuzzy numbers based on some criteria such that ⊆ without loss of generality, let assume that ≤ ,and
By Definition 5, we have ( ) = ( ) , and
If we assume ER ( ) ≤( ), we can assume ( ) can be subtracted from ( ). Therefore;
Definition 6: Let = ( , ) and = ( , ) be two intuitionistic fuzzy set, then the exponential related function ER has the following properties;
1. If ( ) < ( ), then A is smaller than B and is denoted by < ,
then A is larger than B and is denoted by > ,
A is equivalent to B and is denoted by ~ .
Algorithm of the IF-TOPSIS model based on Exponential-Related Function (IF-TOPSISEF)
Consider a problem where a set of alternatives = { , , , … , } are assessed with respect to the attributes denoted by = { , , , … , }. The characteristics of the alternative Ai with respect to an attribute Cj are defined first with linguistic variables and then converted to an IFS values = , ( = 1,2, … , , = 1,2, … , ), which represents the membership, non-membership and hesitancy degree of the alternative Ai ∈ A with respect to the attribute Cj ∈ C for the intuitionistic fuzzy concept. The algorithm of the IF-TOPSISEF is given in following steps;
Step 1: Set up a group of Decision Makers (DMs) and aggregate their evaluations using IFWA operator; Once the DMs have given their judgments using linguistic variables, the variables are expressed using the intuitionistic fuzzy number (IFNs) as shown in Table 1 . The weight vector = ( , , , . . , ) is then used to aggregate all the DMs individual assessment matrices ( = 1,2,3, … , ) into the group assessment matrix (i.e. intuitionistic fuzzy decision matrix) ( );
where Step 2: Using the exponential related function ER (i.e. Eq. (9)) convert the intuitionistic fuzzy decision matrix ( ) to form the exponential related matrix which represents the aggregated effects of the positive and negative evaluations in the performance ratings of the alternatives based on the intuitionistic fuzzy set (IFS) data;
Step 3: Define the intuitionistic fuzzy positive ideal solution (IFPIS) = , and the intuitionistic fuzzy negative ideal solution (IFNIS) = , ; for the exponential related function-
Step 4: Compute the exponential related ER function-based separation measures in intuitionistic fuzzy environment ( ( , ) and ( ( , ) for each alternative for the IFPIS and IFNIS.
where is the weight of the criteria.
Step 5: Compute the relative closeness coefficient, ( ), which is defined to rank all possible alternatives with respect to the positive ideal solution A + . The general formula is given as;
where ( = 1,2, . . ) is the relative closeness coefficient of with respect to the positive ideal solution A + and 0 ≤ ≤ 1.
Step 6: Rank the alternatives in the descending order.
Illustrative Examples
In this section, we demonstrate the results of the implementation of the IF-TOPSISEF method for solving MADM problems by using a real life case study (Case 1) which is based on the evaluation of concept designs of a part in an HDD machine (The drill pipe slider), and for some hypothetical examples to show the effectiveness of the proposed approach.
Case 1: An HDD machine is a key equipment for trenchless construction, which is used widely in infrastructure installation in different areas, e.g. telecommunications, natural gas, drainage lines and electric installations'.
In this case, a major part of the machine have been identified for redesign (The drill pipe slider), and four design concepts, namely A1, A2, A3, and A4, have been generated for the drill pipe slider during the conceptual design phase by the product development team of design company in Malaysia, and they are to be evaluated with respect to the attributes; AA (ability and adaptability to different temperature and altitude), PR (parts reliability), AS (appearance and structure) and SC (self-control ability) which have the following weights values = {0.15, 0.25, 0.40, 0.35} respectively.
Three DMs ( = 1,2,3) from the product development unit, technical management team and manufacturing are involved in the design concept evaluation. Due to the difference in their experience and expertise, they are associated with the weighting vector = (0.35, 0.30, 0.25) . Using the intuitionistic fuzzy decision matrices ( = 1,2,3) given by the three DMs, which were achieved using linguistic variables (see Table 2 ) and then the intuitionistic fuzzy numbers (IFNs), we evaluate the design concept with the proposed method.
Table 2
DMs ratings using linguistic variables By following the algorithm of the IF-TOPSISEF as given in computational steps in section 3, we evaluate the four design concepts with respect to the attributes.
Steps 1: The DMs individual assessments of the four design concepts with respect to the attributes are aggregated using the IFWA operator, the final group assessment matrix which is the intuitionistic fuzzy decision matrix ( ) is shown in Table 3 . In step 2-4, using the exponential-related function, the intuitionistic fuzzy decision matrix ( ) is converted to form the exponential related matrix while the exponential related function-based separation measures ( ( , ) and ( ( , ) ( = 1,2, … ,4) is calculated using Eq. (12) and Eq. (13).
In step 5-6, the relative closeness coefficient , ( = 1,2, … ,4) to the ideal solution is calculated using Eq. (14), while the relative closeness coefficients are ranked in the descending order. The final results are shown in Table 4 . From the ranking result of the four design concepts of the drill pipe slider, we can conclude therefore that the design concept A3 is the best design with respect to the four evaluating attributes and the three DMs preference.
Case 2: Let us consider a practical MADM problem originally reported by Ye, (2010) and adopted by Liu and Ren, (2014) . In this case, the original problem has been modified to make a new example, however using the same decision matrix and attributes weight.
Consider a computer manufacturing company's manager who wish to select a preferred mouse from a group of candidates; A1, A2, A3 and A4 for a new design. A group of experts within the company makes a decision about the mouse with respect to the following attributes; Performance (C1), Economy (C2) and Appearance (C3) which have the following weights values = {0.35, 0.25, 0.40} respectively and they have aggregated evaluations given in Table 5 . We select the preferred mouse from the group of candidates; A1, A2, A3 and A4 using IF-TOPSISEF. Using the exponential-related function in Eq. (9), just as in case 1, the intuitionistic fuzzy decision matrix is converted to form the exponential related matrix, and using Eq. (12) and Eq. (13), the exponential related function-based separation measures ( ( , ) and ( ( , ) ( = 1,2, … ,4) are calculated, while the relative closeness coefficient , ( = 1,2, … ,4) to the ideal solution is calculated using Eq. (14). The final results are shown in Table 6 . The ranking of the four candidates as shown in Table 2 is in total agreement with the results obtained in (Liu & Ren, 2014; Ye, 2010) and given in Table 7 . Case 3: Let us consider another practical MADM problem originally reported by Li, (2005) , by modifying the original problem to make a new example. Suppose a mobile phone company wants to select a design from among the three new phone concept designs; A1, A2, and A3. If a group of experts within the company are to make a decision about the three new phone concept designs with respect to the following attributes; Performance (C1), Economy (C2) and Appearance (C3) which have the following weights values = {0.35, 0.25, 0.40} respectively. If the experts aggregated evaluations are given in the Table 8 . We select the preferred new phone concept designs using IF-TOPSISEF method. Using the exponential-related function just as in case 2, the intuitionistic fuzzy decision matrix ( ) is converted to form the exponential related matrix and the exponential related function-based separation measures ( ( , ) and ( ( , ) ( = 1,2, … ,4) is calculated, as well as the relative closeness coefficient , ( = 1,2, … ,3).The final results are shown in Table 9 . The ranking of the three concept designs as shown in Table 9 is in agreement with the ranking results obtained in (Li, 2005) . Case 4: Finally, let us consider a practical failure detection problem originally presented by Chang and Wen (2010) and adopted by Liu et al. (2015) , to make a new example for early product design reliability assessment.
Suppose a design company wants to identify to-be-improved product components in a complex product in which the components are interdependent on each other, if sixteen operational components A ( = 1,2, . .16) are identified through customer survey and through the historical failure data of the product. The components are evaluated by three experts with equal expertise, where the failure modes in the sixteen operational components are evaluated with respect to three attributes; Severity, Occurrence and Detection which have the following weights values = {0.232, 0.349, 0.419} respectively. If the experts aggregated evaluations are given as shown in Table  10 . Then we evaluate the failure modes using the IF-TOPSISEF method. Using the exponential-related function, the intuitionistic fuzzy decision matrix ( ) is converted to form the exponential related matrix and following the implementation procedure just as in the previous cases, we compute the exponential related function-based separation measures ( ( , ) and ( ( , ) ( = 1,2, … ,16) , and the relative closeness coefficient , ( = 1,2, … ,16) to the ideal solution. The final results are shown in Table 11 . To demonstrate the effectiveness of the IF-TOPSISEF method for MADM problems, we compare the results of the example by analyzing the case with some similar computational approaches including the fuzzy TOPSIS model by Braglia1 et al. (2003) , the integrated weight-based fuzzy TOPSIS (IWF-TOPSIS) by Song et al. (2013) , the intuitionistic fuzzy hybrid TOPSIS (IFH-TOPSIS) approach by Liu et al. (2015) and the risk priority number (RPN) method. The final ranking results are shown in Table  12 .
Table 12
Comparison of the ranking results using the different approaches Components  Proposed Model Fuzzy TOPSIS model  IWF-TOPSIS  IFH-TOPSIS  RPN method  C1  5  9  10  7  6  C2  6  13  8  9  10  C3  14  4  5  5  9  C4  3  6  2  6  3  C5  9  11  11  11  14  C6  10  15  14  15  10  C7  15  16  16  16  15  C8  13  2  15  4  13  C9  12  7  3  8  8  C10  1  1  1  1  1  C11  8  10  13  10  6  C12  3  3  4  3  4  C13  2  5  7  2  2  C14  11  14  12  14  10  C15  16  10  9  13  16  C16  7  15  6 12 5
Conclusion
This paper proposes a new exponential related function (ER) as a replacement for the traditional exponential score function which is only effective for determining priority weights that involve pairwise comparison. By developing an intuitionistic fuzzy TOPSIS model based on the exponentialrelated function (IF-TOPSISEF) to solve Multi-attribute decision making (MADM) problems in which the performance ratings are expressed in intuitionistic fuzzy sets (IFSs).
The main advantage of the new approach is that the exponential-related function stands to represent the aggregated effect of the positive and negative evaluations in the performance ratings of the alternatives based on the intuitionistic fuzzy set (IFS) data. Also, it serves as a parameter for the computation of the separation measures of each alternative from the intuitionistic fuzzy positive and negative ideal solution to determine the relative closeness coefficient.
Finally, to demonstrate the effectiveness of the proposed method, the IF-TOPSISEF has been applied for the evaluation of the concept designs of a part in an HDD machine (The drill pipe slider), and for some hypothetical examples which have been compared with some similar computational approaches. In the future, we will continue working on the application of the proposed method specifically for problems with more criteria and alternatives and integrate the approach with some attribute weight determination methods.
